We fabricate, characterize, and analyze tunable mid-infrared photodetectors based on asymmetrically doped coupled quantum well GaAs/ AlGaAs structures. The peak of photoresponse detection varies from 7.5 to 11.1 m when switching bias from À5 to +5 V. The spectral tunability is defined by the interplay of several effects. First, the electron energy levels are shifted due to the Stark effect. Second, the applied electric field causes the charge redistribution in the coupled wells and shift of electron energy levels due to modification of self-consistent potential. Here we show that effect of electric field on tunneling processes (the Poole-Frenkel effect) and the field-induced decrease of thermo-emission barrier (the Fowler-Nordheim effect) also play a critical role in photoelectron kinetics, strongly enhancing the carrier extraction from quantum wells. The model which takes into account Poole-Frenkel and Fowler-Nordheim effects provides a quantitative description of the data obtained.
Introduction
Quantum well IR photodetectors (QWIP) have attracted considerable attention due to a variety of applications such as remote sensing, thermal imaging, industrial and environmental monitoring. [1] [2] [3] The well-established growth and processing techniques of the A 3 B 5 -based heterostructures open a wide range of possibilities for bandgap engineering and intersubband transitions for detection of IR radiation. [4] [5] [6] QWIPs are promising candidates for multi-color sensing in the spectral range from THz to mid-IR. Voltage-switchable and voltage-tunable QWIPs have been studied in a number of works. Various approaches for the design of voltage-tunable and voltage-switchable QWIPs have been proposed. One of the possible designs is based on two stacks of QWIP structures with three electrical terminals, which allows one to bias each QWIP independently and detect two wavelengths simultaneously. [7] [8] [9] Another design includes several stacked QWIP structures separated by thin heavily doped layer with two electrical terminals. 10) Within this approach, the detection wavelength can be switched by changing the applied voltage. In all such devices, the voltage-induced shift of electron levels and modification of the corresponding IR transitions is realized via several mechanisms, such as quantum-confined Stark effect, 11) graded barriers, 12) and asymmetric step wells, 13) or charge redistribution. 14, 15) Charge sensitive QWIPs based on double-quantum-well (DQW) transistor have been recently demonstrated. [16] [17] [18] More effective voltage tunability and switching can be expected in asymmetrically doped DQWs due to superposition of external field with doping-induced built-in electric field.
In this paper, we show that asymmetrical doping of DQWstructure provides two-color sensing as well as voltageswitchable and voltage-tunable photoresponse. The DQW structure is formed by 25 identical stages [the potential profiles of left-most and right-most DQWs are slightly different due to contacts, see Fig. 1(a) ]. The DQWs have been designed to support solely two intersubband transitions from ground states to the excited states. Therefore, the photoresponse to IR radiation has two spectral components. Both components are strongly affected by the bias voltage V b . The voltage tunability of the photoresponse spectrum is mainly defined by three mechanisms. First, the electron energy levels are shifted due to the Stark effect. Second, the applied electric field causes a charge redistribution in the coupled wells and shift of electron energy levels due to modification of selfconsistent potential. Third, the electric field enhances tunneling and thermo-activation processes due to a reduction of the width and height of the triangular barriers which separate extended states from excited states [see Fig. 1(a) ]. Here we limit our consideration by relatively low fields that do not generate electric field domains 19) and other instabilities. To provide effective coupling of IR radiation to our QWIP devices, we compare the following two schemes. In the first scheme, the radiation is incident on the 45 -angle facet of substrate and in the second scheme the coupling to normal incident radiation is enhanced by the diffuse reflector [see Fig. 1(b) ]. 20) Without diffuse reflector, the coupling to normally incident IR radiation, associated with a violation of the polarization selection rule for intersubband transitions, is small. 21) We studied the voltage-tunable photocurrent in our asymmetric structures in the temperature interval from 20 to 100 K, which upper value is limited by the noise current. As it is shown in the inset of Fig. 1(a) , the dark current and corresponding noise current increase exponentially with temperature. The photoresponse slowly decreases with temperature and at T > 100 K the photocurrent becomes smaller than the noise current.
The paper is organized as follows. In x2 we describe the design and fabrication of our QWIP structures. The results of measurements are presented and discussed in x3. In x4 we analyze the obtained experimental data and compare them with the results of modeling.
QWIP Design and Fabrication
To calculate the photo-induced transitions we performed self-consistent calculations, which take into account charge redistribution in asymmetrically doped DQWs. For our calculations we used the nextnano 3 software 22) which is a flexible and effective tool for the analysis of photodetectors. [23] [24] [25] [26] [27] Our modeling shows that tunability is improved in structures where the excited states are located close to the extended states. The schematic epitaxial layer structure of a device with high tunability is shown in Fig. 2 . It is based on the coupled quantum wells composed of a 6.5 nm GaAs layer Si--doped with sheet concentration 5 Â 10 11 cm À2 and a 6.5 nm undoped GaAs layer separated by a 3.1-nm-thick Al 0:2 Ga 0:8 As layer. The device consists of 25 DQW stages separated by 50 nm Al 0:2 Ga 0:8 As barriers (see Fig. 2 ). We present in Fig. 3 the conduction band diagram of a single stage, which consists of two coupled QWs. In this figure we also demonstrate modification of wave functions and the energy levels due to the bias voltage (V b ¼ À5, 0, and +5 V). The calculated populations of the first two tunnel-coupled levels at T ¼ 70 K as a function of the voltage are as follows: 99 and 1%, 95 and 5%, and 76 and 24%, at À5, 0, and +5 V, respectively. One can see that there is almost no redistribution of electrons between levels for negative V b while for positive V b , when tunnel coupling increases, a significant redistribution of electrons takes place. Strong coupling of levels near the top of quantum wells is realized for V b 6 ¼ 0 since these states are connected to the continuum. Since only the right quantum well is doped, the DQW's band diagram is asymmetric at V b ¼ 0 due to the built-in electric field contribution. The modeling shows larger peak-shift under negative bias which is more symmetric since the built-in electric field compensates the applied bias. In principle, there are four possible transitions between two deep and two shallow levels in a single detection unit. A two-color photoresponse is found because only the lowest level is populated under negative bias [see Fig. 3(a) ]. Under positive bias the transitions from the lowest excited state to the extended states via tunneling processes are suppressed and thermoexcitation processes are limited by relatively high barrier [ Fig. 3(c) ]. Therefore, the lowest excited state weakly contributes to the photocurrent. Using this mechanism the two-color operation is realized in asymmetrically doped DQW structure.
The DQW QWIP structure was grown by molecular beam epitaxy on a semi-insulating GaAs wafer to permit backside illumination (Fig. 2) . The growth sequence started with a 500 nm undoped GaAs buffer layer, and was followed by a 800 nm heavily doped (N d ¼ 2 Â 10 18 cm À3 ) GaAs contact layer, 25 stages of the detection unit, 400 nm layer of GaAs doped to 2 Â 10 18 cm À3 as a contact layer, and finally 5 nm InGaAs layer doped to 10 19 cm À3 . One unit of the QWIP is composed of 6.5 nm GaAs layer -doped with Si with sheet density 5 Â 10 11 cm À2 and 6.5 nm undoped GaAs separated by 3.1-nm-thick Al 0:2 Ga 0:8 As. Each unit is separated by 50 nm Al 0:2 Ga 0:8 As barriers. Layer thicknesses and Al concentration are confirmed by an X-ray diffraction measurement after growth. The sample was fabricated into a square mesa structure of 100 Â 100 m 2 using standard UV lithography, wet chemical etching and metallization techniques. The mesa structures were etched with sulfuric 
QWIP Characterization
The spectral density of photocurrent reported in this paper was measured using a Bruker Vertex 70 FTIR spectrometer. The device was mounted inside the continuous-flow He cryostat with a ZnSe window. To enhance optical absorption by the DQWs we illuminated from the backside through a 45
angled facet or used a diffuse reflector. To fabricate 45 angle facet for QWIP structure we used standard polishing techniques. The diffuse reflector was obtained by polishing the backside of the substrate with 3 m grit polishing pad. 28) These two methods provide effective coupling of IR radiation to our devices, so the photocurrent I can be distinguished from the fluctuating dark current background in the temperature range below 100 K if the bias voltage exceeds 1 V.
The spectral changes of the photocurrent were reliably measured for both bias polarities at temperatures below 70 K (see Fig. 4 ). As it was discussed in x2 the spectral characteristics of the photoresponse strongly depend on the polarity of the bias voltage due to asymmetric doping. Below 70 K we observe two distinctive peaks. At negative bias Fig. 3(b) ], the photocurrent is blocked by the 50 nm Al 0:2 Ga 0:8 As barriers. However, when increasing the positive bias, the tunneling barrier is lowered down and carriers can escape the quantum wells increasing the photocurrent. The main spectral peaks (7. Since the upper levels transform into extended states for positive bias, the widths of peaks increase.
Discussion and Conclusions
Both schemes of coupling of IR radiation to our devices ( Fig. 1) yield very similar shapes of the photoresponse [Figs. 4(a)-4(d) ]. The amplitudes of high-and low-energy peaks of photocurrent differ up to 2 times under negative bias and about 30% under positive bias [see Fig. 5(a) ]. The bias voltage dependences are different for V b > 0 and V b < 0 because of the doping asymmetry. For the same reason, the widths of peaks are also different, as it is shown in Fig. 5(b) where the relative widths Á= are plotted versus V b . For negative bias the high-energy peaks show narrower linewidth Á= ' 0:07 À 0:1 due to transitions between localized states. The linewidths are about Á= ' 0:15 for the low-energy peak and for both peaks at positive bias. In addition, Á= increases up to $0:2 at V b $ 3 V when the photoresponse is suppressed.
Spectral and bias dependences of photocurrent are summarized by the contour plots shown in Figs. 6(a) and 6(b) for the both cases of photoexcitation. The largest peak shifts occur at V b < 0 because the doping-induced internal electric field is added to bias voltage and the quantumconfined Stark effect is more pronounced. Also the shortwavelength peaks have larger peak-shift than the long- wavelength ones because the transitions into extended states are more sensitive to applied voltage V b . The behavior of photocurrent versus V b and is similar to the corresponding transition energies calculated with our self-consistent simulation. In Fig. 6 we plot both the transitions between localized states (solid curves) and transitions to extended states (dashed curves). Note, that these curves give the absorption peak positions while the photocurrent peaks are determined not only by absorption processes but also by thermal generation and capture processes. Due to this, the difference between the calculated transitions and the photocurrent peaks takes place. Finally we discuss the temperature dependence of the photoresponse. At temperatures below 80 K the photocurrent weakly depends on temperature (a few percent variations). This weak temperature dependence of the photocurrent may be associated by interplay of two opposite effects. The photoemission processes are enhanced with temperature, while photoelectron lifetime decreases with temperature increase. The dark current increases exponentially with temperature [see inset of Fig. 1(a) ] and above 80 K the corresponding noise current becomes comparable with the photocurrent. Therefore, at temperatures higher than 100 K the photoresponse measurements are not possible with the available source and detector.
In conclusion, we have designed, grown, and characterized a two-color QWIP based on intersubband transitions in asymmetrically doped coupled QWs. In these structures the effects of electric field on electron states (Stark effect), tunneling processes (Fowler-Nordheim effect), and thermoactivation processes (Poole-Frenkel effect) are inhanced by the asymmetrical doping. These effects provide an effective voltage tunability of spectral photoresponse. In our devices the spectral peaks switch from $7:5 to $11:1 m by reversing the bias polarity. The spectral characteristics are controlled at the intermediate bias voltages. Further improvements in tunability are expected at higher doping levels. In future, these relatively simple and highly scalable devices may be used in multi-element imaging arrays for multi-spectral sensing. 
